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FL1GHT TEST DERIVED HEATING MATH MODELS
FOR -RITICAL LOCATIONS ON THE ORBITER DURING REENTRY

Elam K. Hertzler and Paul W. Phillips
Air Force Flight Test Center
Edwards Air Force Base, California

INTRODUCTION

_ _ An analyvsis technique was developed for expanding the aerothermodynamic envelppe
of the Space Shuttle orbiter without subjecting the vehicle to sustained Ilight at
moTe stressing heating conditions. A transient analysis program was developed to
tzze advantage of the transient maneuvers that were flown as part of this analysis
tecanique. This program derived heat rates from flight test data for various loca-
tZ:ns on the orbiter. The flight-derived neat rates were used to update heating
mofels based on predicted data. Future missicns were then analyzed based on these
fl1zght-adjusted models.

This paper will present a technique for comparing flight and predict=d heatirmg-
raze data and the extrapolation of the data to predict the aerothermodynamic
entironment of future missions.

'

ABBREVIATIONS AND SYMBOLS

- . ;s
AFTIC Air Force Flight Test Center ’
dez F degrees Fahrenheit
FRSI Flexible Reusable Surface Insulation
HRSL High Temperature Reusable Surface Insulation
KSC Kennedy Space Center
LR3T Low Temperature Reusable Surface ‘Insulation
NASA Naticnal Aeronautics and Space Administration
OMsS Orbital Maneuvering System
POZU pushover-pullup
q heating rate
Qpas reference heating rate
Re_ free—stream Reynolds number
RTY ‘Room Temperature Vulcanized

§75-1,2,3,4,5 Space Transportation System flights 1, 2, 3, 4, and 5

TP3 Thermal Protection System
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VAFB Vandenberg AFB

X/L longitudinal location nondimensionalized by the orbiter refereance
length

a angle of attack, degrees

2 sideslip angle, degrees

(&3
o
"]

bodyflap deflection, degrees .

(eh)
1]

elevator deflection, degrees
ANALYSIS TECHNIQUE

An analysis technique was developed (Figure 1) that allows accurate predictiz-s
of the aerothermodynamic environment of the Space Shuttle orbiter for future =is-
sions. Locations or control points were chosen based on the original NASA preflizac
selected control points (but at locations where temperature instrumentation was
available) and the problem areas highlighted through analysis of wind tunnel data.
A transient uaneuver was designed where the Shuttle commander manually reduced the
angle of attack of the orbiter to a predetermined point and then increased the aczle
of attack above the nominal (pushover-pullup (POPU)) so as to balance out the enerzv
state of the orbiter. A trangient analysis program was developed by the AFFTC
that determined the change in the heating rate (nondimensionalized by a reference
heating rate) with respect to angle of at¢ack, sideslip, elevon deflection, or bocy
flap deflection during the POPU maneuver. The transient snalysis program utilizes
the actual flight trajectory, atmosphere, flight thermocouple data, one-dimensiorzi
thermal model, and material properties (Reference 1). An independent analycis pr>—
gram was also developed at the AFFTC  hat derived heat rates from the flight surfzce
thermocouple data using an equilibrium temperature assumption and an empiricaily
derived time constant in an algorithm which approximated the thermal propertiss cf
the coating. These two programs were applied to the flight data to update heatinz
models for the AFFTC's control points which were originally based on both NASA co=—
tractor heating models and wind-tunnel-derived heatling models. The final goal of
this analysis was to use these flight-adjusted models to predict the surface amd
bondline temperatures for future missions. The predictions were calculated using 2
trajectory from a six-degree-of-freedom engineering simulator at the AFFTC and a
one-dimensional thermal model.

This paper will not deal with the rigorous mathematical and statistical detazails
of the computer programs utilized in this analysis. For details of this nature sze
References 2 and 3. :

MATH MODELS

The AFFTC maintains nine thermodynamic math models, considered to be the mos:
critical instrumented locations {control points), for the purpose of assessing ths
orbiter's ability to handle future missions. Figure 2 shows the locations of the

- various control points and their respective Thermal Protection System (TPS) m=ateria’s

along with the original NASA control points for comparison.



Lower Surface

Tre AFFTIC heating math model on the centerline at X/L = 0.02 was originally
comprised of the NASA coatractor simplified heating model (Figure 3). The parameter
estimation program was not ucilized at this location due to the small response to
angle of attack (as predicted) during the PCPU maneuvers flown on SiS-2, STS-4, and
5TS-3. The independent analysis program was used to obtain laminar heating levels
for this locaticn. The heating molel was found to be conservative and was updated
by reducing the heating levels by zpproximately 14 percent (Figure 4). XNote that
the flight-adjusted heating model watched the flight data quite well.

The AFFTC heating zath model located om the centerline st X/L = 0.7 was
originaily the NASA coniractor simplified heating model. The resalts from the
tranzient analysis program for the STS-2 Mach 21 POPU dynamic test maneuver indi-
caced that the laminar heating levels of the original heating model were conserva-
tive. The heating model was adjusted d¥ reducing the laminar levels by approximatelw
14 percent. Additionaliy, the boradars layer transition in flight occurrad at a
higher Reynolds number (lateT in the entry) than predicted. TFigure S shows a
graphical representation of che origir=l and flight-adjusted heating models. The
independent analysis program was rsed to adjust the transitional and turbulent
heating levels. Tne flight-adjusted keating model then provided a good comparison
with flight data (Figure 6).

An off-centerline location at X/L = 0.7 was added which was more critical for

‘missions with higher heat loads due to the thinness of the High Temperature Reusable

Surface Insulation (HRSI) tiles ip this region leading to increased bondline tempera-
tures. (Bondline refers to rhe imner bondline which is representative of the
structural skin température.) Similar nmetheds of updating the heating model were
applied to this locatioa.

The AFFTC elevon contrcl point was located at the left-hand outboard elevon
tip and was originally based on a YASA contractor simplified heating model. Both
the sisplified and flight-adjusted heating models are graphically represented in
Figure 7 (shown at zero deflection angle for simplicity). The model‘was updated
with flight data results from bothk analysis programs. Figure 8 indicates how the
original temperature predictions for STS-2 and those from rhe flight-adjusted model
compare to the actual flight data. The actual transition occurred at a higher
Reynolds number (i.e., later in the flight) than was the case for the original
predictizn.

The AFFTC body flap comtrol point was located =zt the body flap edge and was
based on the laminar portiom of the NASA contractor simplified heating model for the
centerline location. The simplified heating model contained information for body fl=p
deflection angles of less tham 15 degrees. Wind-tunnel-derived dats was added to the
flight-adjusted heating model in crder to extend the model to body flap deflecrion
angles of 22.5 degrees. - The body flap edge locatiom was chosen due to the consis-
tentiy higher temperatures odserved im the flight data when compared to the ceater-
line thermocouple. Figure % indicates the adjustments made to the heating model
utilizirg results from the iadepexdent analysis program to extrapolate the laminar -
heating levels to the cransirional and turbuleut levels. The Mach 17 body flap sweez
on STS-2 indicated an interazction between heating on the body flap and the elevon
deflection angle. This phenomenon has not been incorporated into the model at
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present due o insufficlent data. Figure 10 s the tize history of the bedyflap edz
thermocoupl: for STS-2 compared with predictirns. The flight data indicated that !
flow cver z-e body flap may have teen in 2 trznsitional/turtulent state for a large

portion of txe reentry hefore becoming fully zurbulent. The original predictien of

a rapid onszz of boundary layer transition is obvicus coa this ploc.

i

e the %/L = 0.7 -enterline lecation Jid

A14
test hondline measurzzents (Figure 21). One contributing
sitizn ro rurbulent “low, which led zo a lower overall heat

Results for rh
not comrarz with f1
ctor was -~e late fran
oad. It wis alsc decermined that after the zaylcad bar vent doors copened at Mach
.3, the c--., atmospheric air allowed ¢ccnvective CocC.ing LS occur internally,

which dissizated the heat soaking through to she hackface ¢f the structure, thereby
reducing the bondline temperatures. (Backface refers to the back side of the sub-
structure.) Additicnally, rhe internal structur2 Was cool enough to allow reradia-
tion from t=e backface. Both the elevon tip and body flap edge wecre passively vented
and were thirefore subject to the free convective cooling effects, The lower back-
face of the -~ontrol surfaces apparently radizred to the coolaer backface of the upper
surface. Terms to account for the free convective and radiative effects were applied
to the or -:imensional thermal models for tie fuselage and control surface control
points. Af:zer the adjustments to the heatirng model were implemented, the bondline
prediction Zor X/L = C.02 was close to the aczual flight data so the cooling effects
were not apriied.

(o]
ia

a3 petr

Upper Surizace

Two coztrol points are lorated on the left Orbital Maneuvering System (OMS) ped
(Figure 2). Postflighr inspectiocns have indicated that rhere are other problem.
areas on the upper surface (Reference 4) that will need to bBe mogeled, but to date
the OMS pod 22s received the most attention.

The afz OMS pod control point 1s locatec ou the Flexible Reusable Surface Insu-
lation (FRSI) at thermoccuple V07T9976A. The wind-tunnel-derived and flight-adjusteZ
heating models are shown on Figure 12. Figure 13 is a comparison of the thermocouple
time historr and predicted rhermocouple respcase based on tte heating models. A
large discrzpancy in the wind-tunnel-derived 2eating mcdel and flight data was high-
lighted by zhe Mach 20 POPU maneuver indicated on Figure 13. The heating on the OMS
pod is a fizction of angle of attack due to a vortex created at the wing glove area
of the forwzrd fuselage. (The heating is alsec dependent on Reynoids number and side—
slip but tc a lesser extent than angle of attack.) Specifirally, as the angle of
attack is rasduced frow the nominal 40 degree value, the vortex impinges c.a +the OMS
pod. Analysis of thie wind tunnel data indiczred that the impingemen: would occur
abruptly at 30 degrees angle of attack, whereas the flight thermocouple data indi-
cated that ‘mpirgement began at abont 37 degrzes. Also, the effect of Reynolds
number on t=e actual heating level due to the vortex impingement w7zs underpredicted
by the wind-tunnel-derived results. POYU mzneuverc on flights two and four were
analyzed wizh the parameter estimation prograa and the resuits were used [0 create
the flight-zdjusted model. Where flight data were not available, the Elignt—adjustéi
model was errrapolated based on trends.

Below -3 degrees angle of attack (Figure 12), the heating rate rapidly approaches
the refererze value (q/qref approaches 1) indicating attached flow co: ftions around
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the OMS pods. The yaw jet interaction effects were observed to disappear (Reference
5) at zbcut the sazme flight condition, further supporting the 1ikelihood of attached
flow. Tme irregular shapes of the OMS pcd heating models are probably related to
sideslip affects racher than true irregularities with angle of attack as shown in the
figure. There are insufficient data available at this time teo separate and identify
the angle of attack and sideslip effects.

T~z “orward OMS pod control point was a recent development that was necessary
in order zo evaluate proposed changes to the 0MS pod TPS. This location is on the
Low Te=-erature Reusable Surface Insulation (LRSI) at thermccouple V07T9220A con
OV-102. The heating mcdel to date is adequate for a nominal 40-degree trajectory.
However, Zor extrapolating to future missicns more fiight test information will be
necessarr to improve confidence.

The bondline temperatures for the OMS pod control pclats cannot be verified due
to the assence of bondline instrumentation in these areas. The cooling effects
applied to the lowzr surface were not felt to be appropriate for the OMS pod due to
the existence of a thermal blanket behind the graphite epoxXy structure.

Wing Leading Edge and Nose Cap

AFFIC wing leading edge and nose cap control points are located omn the rein-
forced carbon-carbon wing leading edge (53 percent semispan) and the nose cap
respectively. Both locations used t'.e NASA contractor simplified heating models.,

The wing leading edge control point simplified heating model-~is represented
graphically in Figure 14. The models are considered to be of low cynfidence due to, -
an inability to accurately podel the three-dimensional aspects of the materisl and - X
uncertainty in the interpretation of the flight test instrumentatiom. The close
match berween flight data and predictions shown in Figure 15 may, therefore, be
fortuitoes and no updating of the carbon/carbon heating models has been attempted.

The nose cap control point is not presented graphically since only one flight
(STS-5) contained valid radiometer data from the nose cap. There is low confidence
in the model due co the uncertainties discussed above (under the leading edge control
point). In addition, the data from flight five indicated that the maximum hezting
was ar the stagnation point on the nose cap instead of the sonic line where 1t was
predicted to occur. Further attention is required in the future to produce high con-
fidence zath rodels of carbon/carbon material and to improve flight instrumentation
so that valid ccmparisons can be made. :

FUTURE MISSIONS

v

Flight test data to date have been used for the formation andfcr vpdating
of lheating and thermal models for the orbiter TPS and aerothermal environment,
However, the data have been 1imited due te the limited number of POPU maneuvvers .
available and due ro recorder malfunctions {STS~1, STS-4, and §75--5). In order for a
high—confidence aerothermal model to be fully develcped, additional reentry test
mapeuvers ¢n an instrumented orbiter are needed. Design of future vehiclee will
benefit from a thorcugh understanding of angle of attack and Reynolds number effects

PP,
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on aerothermodynamic heating, especially for the upper surface. The maneuvers flown ‘
to date are indicated in Figure 15 along with rhe range of angle of attack capability
required for operational flights. The lower angles of attack profile is assoclated
with high crossrange entries like that required for an abort once arourd to
Vandenberg AFB (VAFR). There is a lack of data below 30 degrees angle of attack and

alsc between a Reynolds number of 5 x 106 and 15 x 106 which is extregely critical

to the upper surface, specifically the OMS pods.

Figure 17 presents predicted surface and bondline temperatures for future
reentriles to both Kennedy Space Cente: (XSC), Florida, and VAFB, "aliformia. It is
immediately obvious that the OV-102 OMS pod TPS is inadequate for any mission -re-
sented other than a 40-degree-angle-of-attack mission (nominal) Adzquate margins
exist at all other control points. AFFTC leading edge and nose capy points are of
low confidence due to the uncertailnties discussed earlier (rose cap prediction not

«»presented).

There are other areas of concern that have not been dealt with by the AFFIC
and are not subject matter of this report; for example, gcp heating and tile
slumping. Reference 4 presents more details.

LFESSONS LEARNED

The reentry aerothermodyramic lessons learned are: windward-side heating pre-
dictions were conservative due to the combined effect of lower laminar heating levels,
later-than~predicted transition to turbulent flow, and extermal atmospiueric cooling.
Structural peak temperatures were further reddced due to internal radiative and con-
vective cooling. ieeside OMS pod heating, on the other hand, was underpredicted.
Vortex impingement on the OMS pod occurred at a higher angle of attack than predicted
(37 degrees rather than 30 degrees), and the unimpinged heating levels at 40 degrees
angle of attack were higher than predicted.

v

"CONCLUDING REMARKS

A flight test technique was developed and successfully used to verify predictive
methods as well as select and update entry heating models. Discrepancies in heating
predictions were identified. Basically, overprediction of windward-side heating and ;
underprediction of leeside OMS pod heating were observed. The AFFTC flight test :
revised models have produced a good match of tha respective test data for tha first
five orbital flights. High-confidence aerothermal models, particularly for the OMS
pod, will roquire additional rzentry heating flight test data. Design of future
vehicles will benefit from continued orbiter testing through a thercugh vaderstanding

of angle-of-attack and Reynolds nuumber effects on aerothermodynamic heatirg, varticu-
larly on the upper surface.
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Figure 2.- Temperature control points.
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Figure 9.- Control surface heating model - bodyflap edge.
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Figure 1l1l.- Lower-surface bondline temperature comparison —
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Figure 12.- OMS pod heating model - aft location.

71

1wt D kot TN 9 A5 st ¢ ) TPAARIOP I KNI | YA P AP TR L8 T

o e o

o




ORIGINAL F1gE 1g

TEMPERATURE,DEG F OF PCOR QuiaLrTy
2500 ¢ ’

2000 |

1500 |

FLIGHT DATA (VO9T9926A)
————— ORIGINAL PREDICTION

1000 ¢

500

& 360 400 660 800 1000 1200 1400 1600 1800
TIME FROM ENTRY INTERFACE, SEC

Figure 15.- Wing leading-edge temperature comparison - 55 percent
semispan location. STS-2.
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